M
any clinical and epidemiological studies, as well as meta-analyses thereof, have shown the inverse relationship of high-density lipoprotein cholesterol (HDL-C) and apoliopoprotein (apo) A-I plasma levels with the risk of coronary artery disease.
1 HDL particles and their protein and lipid components exert diverse antioxidative, antiinflammatory, antithrombotic, and cytoprotective effects in vitro and in vivo, which suggests a direct antiatherogenic role of HDL. Moreover, the development of atherosclerotic lesions could be decreased or even reverted in several animal models by transgenic overexpression or exogenous application of apoA-I, the most abundant protein of HDL. Infusion of artificially reconstituted HDL was found to improve endothelial dysfunction and reduce atherosclerotic plaque volume of patients with coronary artery disease.
2,3
For low-density lipoprotein cholesterol (LDL-C) and high blood pressure, this type of epidemiological and biological evidence has been successfully translated into drugs that lower cardiovasuclar risk. To date, however, it has proved difficult to successfully reduce cardiovascular risk with HDL-C-increasing or -modulating drugs, such as fibrates, niacin, inhibitors of cholesteryl ester transferprotein (CETP) and infusions of reconstituted HDL. 2, 4 Moreover, in several inborn errors of human HDL metabolism and in genetic mouse models with altered HDL metabolism, changes in HDL-C levels were not associated with the opposite changes in cardiovascular risk and atherosclerotic plaque load that were expected from epidemiological studies. 2, 3, 5 Because of these controversial data, the pathogenic role of HDL and its suitability as a therapeutic target have been increasingly questioned. In this controversy, it is important to note that previous intervention and genetic studies targeted LDL-C and HDL-C-that is, the cholesterol measured by clinical laboratories in LDL and HDL, respectively. In contrast to the proatherogenic and disease-causing cholesterol in LDL (ie, LDL-C), which after internalization turns macrophages of the arterial intima into proinflammatory foam cells, the cholesterol in HDL (ie, HDL-C) does not exert any of the potentially antiatherogenic activities of HDL. In contrast to LDL-C, HDL-C is only a nonfunctional surrogate marker for estimating HDL particle number and size without deciphering the heterogeneous composition and, hence, functionality of HDL. Therefore, a great clinical need exists for biomarkers that reflect the functionality of HDL more directly and thus with higher sensitivity and specificity than HDL-C or apoA-I. Unfortunately, however, it is not known which of the many potentially antiatherogenic functions and hence molecules of HDL are the most important ones and the best candidates to be exploited for the development of functional HDL biomarkers. While searching for such biomarkers, many laboratories have developed bioassays, most of which are cell based and work in vitro. In this issue of the Journal of the American Heart Association, Scott Turner et al 10 report a novel and noninvasive method that aims to measure a classic, putatively antiatherogenic function of HDL in humans and in vivo-namely, reverse cholesterol transport (RCT). RCT describes the transport of excess cholesterol from peripheral cells to the liver for excretion into the bile, either directly or indirectly after conversion into bile acids, or to steroidogenic organs for hormone production ( Figure 1 ). 11 Turner and colleagues
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infused [2, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ] cholesterol into healthy volunteers 10 and measured and modeled 3 important components of RCT: efflux and esterification of cholesterol in plasma, as well as fecal sterol excretion. As discussed by the authors, their study protocol improves on previous ones by the use of a stable isotope of cholesterol, which makes it applicable to humans without any ethical limitations. The long-term infusion together with the applied modeling strategy allow differentiation of unproductive equilibration of the tracer with natural cholesterol in the plasma membranes and thus allow the measurement of net efflux. An additional strength of this protocol is the integration of several RCT steps, which otherwise would have been recorded by single surrogate in vitro assays, into one in vivo setting. The protocol's applicability to clinical studies is also a strength. The major limitation of this protocol is that it follows the model of RCT that was introduced nearly 50 years ago by Glomset and Wright, 12 which by current standards is oversimplified. Since its introduction, the model has been refined extensively by the discovery of several rate-limiting genes and by the metabolic characterization of patients and genetic mouse models that lack these limiting factors. suggest that the erythrocyte-plasma exchange flux, which according to their data amounts to about two thirds of total cholesterol efflux, could be a surrogate marker of this process. According to the model of Glomset and Wright, LCAT activity is a driving force, especially for aqueous diffusion of cholesterol, so it will be interesting to see in future studies how LCAT deficiency affects this process and whether the concentration or activity of LCAT correlates with red blood cell cholesterol efflux. In this regard, it is interesting to note that LCAT concentrations are not associated with coronary artery disease risk, at least if taken per se, and that LCAT is still under consideration as a target for antiatherosclerotic therapy. 13, 14 2. To date, in addition to aqueous diffusion, which is facilitated by tethering of HDL to scavenger receptor BI, 2 ATP-binding cassette transporters, ABCA1 and ABCG1, are known to mediate active export of excess cholesterol to lipid-poor apoA-I that is preb1-HDL and lipid-enriched a-HDL, respectively ( Figure 1) . 11, 15 Both transporters are integrated into both positive feed-forward and negative feed-back regulation loops. In situations of excess cellular cholesterol, the nuclear liver X receptors LXR-a and LXR-b induce the transcription of ABCA1 and ABCG1 and thus cholesterol efflux. 15 Cells lacking cholesterol produce several microRNAs The liver secretes cholesterol into the bile, either directly via ATP cassette transporters G5 and G8 or indirectly after oxidation to bile acid secretion via ATP cassette transporter B11. In addition to this classic hepatobiliary RCT mediated by HDL, there is increasing evidence for direct and HDL-independent transintestinal cholesterol excretion (TICE).
(eg, miR33a, miR33b) that decrease the production of ABCA1 and thus cholesterol efflux. 16 Consequently, cholesterol efflux activity is determined by the extracellular concentration and composition of HDL particles as well as by the activity of cellular ABC transporters. Many laboratories worldwide have developed variations of in vitro bioassays in which either the cellular cholesterol efflux activity of fibroblasts or monocytes or the cholesterol acceptor capacity of HDL, total serum or plasma, or apoB-depleted serum or plasma was investigated. Both monocyte-derived macrophages and fibroblasts of patients with functionally relevant mutations in ABCA1 show gene dosage-dependent decreases in cellular cholesterol efflux capacity. 17 Decreased cholesterol efflux also was seen in monocytes of patients with diabetes mellitus. 18 Many different protocols have been reported for the measurement of cholesterol efflux capacity of HDL; the protocols differ by the cell type used as the donor of cholesterol (mostly fibroblasts or different kinds of macrophages); by the use of HDL, serum, or plasma with or without depletion of apoB-containing lipoproteins; and by efflux times (from 1 minute up to several hours). 7, [19] [20] [21] [22] [23] Interestingly, total and apoB-depleted plasmas of patients with virtually complete HDL deficiency show strongly reduced but still considerable residual cholesterol acceptor properties, which have been explained by passive efflux to albumin and LDL as well as by active efflux to minor HDL subfractions like preb1-HDL. 20 After its prominent publication, the protocol by Khera and colleagues 7 incubating apoB-depleted serum with a mouse cell line with induced ABCA1 expression became most popular and a kind of "gold standard." Nevertheless, it must be emphasized that the use of apoB-depleted serum neglects the contribution of LDL and very-low-density lipoprotein to cholesterol efflux capacity 21, 22 as well as the conversion of HDL subclasses and the proteolytic degradation of preb1-HDL during coagulation of serum. 23, 24 Moreover, during 4 hours of incubation, cellular receptor interactions as well as influx of serum components (eg, cytokines, free fatty acids) could modulate the activity of ABCA1, ABCG1, and other cellular components of the cholesterol efflux machinery. 15 These confounders could strongly influence cholesterol efflux capacity of serum independently of HDL composition and functionality. With this background, it will be interesting to see how total cholesterol efflux as measured by Turner et al 10 correlates
with the various measures of cholesterol efflux capacity of cells and plasma/serum with or without apoB depletion. 3. On the basis of the model of Glomset and Wright, many people still erroneously believe that HDL-C reflects the amount of cholesterol that is released from peripheral cells and is transported by HDL back to the liver. However, in mice, both transplantation of ABCA1-deficient bone marrow and targeted knockout of ABCA1 in macrophages clearly demonstrated that cholesterol efflux from macrophages affects the extent of atherosclerosis but not levels of HDL-C. 25, 26 At first sight in agreement with this, Turner and colleagues did not observe any significant correlation between total cholesterol efflux and HDL-C levels. However, this lack of correlation is also surprising, because according to the existing dogma, the concentration or number of HDL particles, which also is reflected by HDL-C, should be an important determinant of cholesterol efflux capacity of plasma. However, as Turner et al admit, the number of investigated subjects was too small for definite conclusions. We have to await the results of future and larger studies to see this and other correlations-for example, with HDL subclasses and functional HDL biomarkers, as well as with apoB-containing lipoproteins, the concentrations and turnover rates of which were identified as determinants of plasma cholesterol efflux capacity in vitro. 21, 22, 27 4. Originally, RCT was believed to involve all nonhepatic and nonsteroidogenic cells. This concept first was challenged by Dietschy and colleagues, 28 who showed that HDLdeficient mice with knockouts of ABCA1 or apoA-I excrete normal amounts of sterols with their feces and show no disturbances in whole-body cholesterol homeostasis. In both patients and mice lacking functional ABCA1, cholesterol accumulation occurs only in macrophages. This observation induced Rader, Rothblat, and colleagues to introduce a novel experimental animal model of macrophage-specific RCT. Peritoneal or bone marrow-derived macrophages are labeled with radioactive cholesterol and then installed into the peritoneum of recipient mice for the measurement of radioactive cholesterol taken up into plasma or liver as well as excreted into feces. 29 In this model, interferences with either the cellular cholesterol efflux machinery (eg, by knockout of ABCA1) or the concentration and composition of HDL in plasma (eg, by knockout or overexpression of apoA-I) led to expected alterations in RCT. Compared to alterations in HDL-C, these alterations in RCT also showed stronger correlations with changes in atherosclerosis in different animal models of disturbed HDL metabolism. 29 Consequently, many investigators have used this model or modifications thereof for testing the effect of diseases and therapeutic interventions on RCT. 29 Unfortunately, and as an admitted limitation, the method described by Turner et al does not allow discrimination of macrophage-specific RCT from overall RCT. 5. In the protocol of Turner et al, 10 large proportions of the infused isotopic cholesterol tracer equilibrate with endogenous nonisotopic cholesterol of erythrocyte membranes. Physiologically, the majority of cholesterol efflux takes place in the extravascular compartment, which is sepa-rated from the blood stream by endothelial barriers. 30 Therefore, the protocol red blood cell cholesterol efflux relative to total cholesterol efflux is probably overrepresented in the model of Turner et al. 10 It will be interesting to see in follow-up studies the metabolism of cholesterol in this compartment-for example, in the lymph. 6. After efflux, binding, and esterification, cholesterol is transported by several pathways to the liver. In humans, cholesteryl ester transfer protein transfers most of the cholesteryl esters to apoB-containing lipoproteins, which then are removed by the LDL receptor pathway. 11 RCT thus involves both formation and catabolism of LDL. Consequently, both deficiency and pharmacological inhibition of cholesteryl ester transfer protein increase HDL-C and decrease LDL-C. 2, 4 Significant proportions of HDL-C also seem to be removed by selective uptake through scavenger receptor BI into the liver and steroidogenic organs, because mutation and knockout of scavenger receptor BI cause increases in HDL-C in humans and mice, respectively. 31 In addition to these 2 well-characterized pathways of concluding RCT, at least 2 additional ones are emerging. One involves the holoparticle uptake of HDL through an as yet unidentified endocytic receptor that is activated by binding of apoA-I to ectopic b-ATPase and subsequent activation of purinergic receptors. 32 Another involves the liver-independent transintestinal excretion of cholesterol, which appears to be independent of HDL ( Figure 1 ). 33 The fecal sterol excretion recorded by Turner and colleagues seems to integrate these different pathways of sterol elimination from the body. However, it is still unknown whether the mode of delivery and excretion of cholesterol is of any relevance for the antiatherogenicity of RCT.
In conclusion, the newly described method of Turner and colleagues for the measurement of RCT offers many opportunities for the in vivo validation of (patho)physiological concepts in humans that previously emerged from experiments performed in vitro or in rodents. Still, the setting has limitations that should be kept in mind for interpretation and extrapolation of data obtained with this method.
